Serine palmitoyltransferase (SPT) catalyzes the first step of sphingolipid biosynthesis. In yeast and mammalian cells, SPT is a heterodimer that consists of LCB1 and LCB2 subunits, which together form the active site of this enzyme. We show that the predicted gene for Arabidopsis thaliana LCB1 encodes a genuine subunit of SPT that rescues the sphingolipid long-chain base auxotrophy of Saccharomyces cerevisiae SPT mutants when coexpressed with Arabidopsis LCB2. In addition, homozygous T-DNA insertion mutants for At LCB1 were not recoverable, but viability was restored by complementation with the wild-type At LCB1 gene. Furthermore, partial RNA interference (RNAi) suppression of At LCB1 expression was accompanied by a marked reduction in plant size that resulted primarily from reduced cell expansion. Sphingolipid content on a weight basis was not changed significantly in the RNAi suppression plants, suggesting that plants compensate for the downregulation of sphingolipid synthesis by reduced growth. At LCB1 RNAi suppression plants also displayed altered leaf morphology and increases in relative amounts of saturated sphingolipid long-chain bases. These results demonstrate that plant SPT is a heteromeric enzyme and that sphingolipids are essential components of plant cells and contribute to growth and development.
INTRODUCTION
Sphingolipids are major components of the plasma membrane and tonoplast of plant cells (Yoshida and Uemura, 1986; Lynch and Steponkus, 1987; Sperling et al., 2005) . In addition to serving a structural role in membranes, sphingolipids, along with sterols, are enriched in detergent-resistant membranes (or lipid rafts) prepared from the plasma membrane of plant cells (Mongrand et al., 2004; Borner et al., 2005) . Lipid rafts have been linked to the sorting and trafficking of specific plasma membrane proteins, including ATPases, arabinogalactan proteins, and glycosylphosphatidylinositol-anchored proteins, which are involved in a range of cellular activities, including cell wall synthesis and degradation and possibly signaling (Borner et al., 2005) . In addition, sphingolipid-derived molecules have been shown to function as signaling molecules and to initiate programmed cell death in plants. The sphingolipid metabolites sphingosine-1-phosphate and, more recently, phytosphingosine-1-phosphate, for example, have been shown to mediate abscisic acid-dependent guard cell closure by transduction through the sole prototypical G-protein a-subunit GPA1 (Ng et al., 2001; Coursol et al., 2003 Coursol et al., , 2005 . Disruption of a sphingolipid ceramide kinase gene has also been identified as the basis for the enhanced rate of apoptosis in the Arabidopsis thaliana accelerated cell death5 mutant, suggesting that levels of the ceramide component of sphingolipids regulate programmed cell death in plants (Liang et al., 2003) . Similarly, inhibition of ceramide synthase by the fungal toxins fumonisin and AAL toxin has also been shown to promote apoptosis (Wang et al., 1996; Spassieva et al., 2002) .
Sphingolipids in plants are composed of a ceramide backbone that consists of a C 18 long-chain base bound to a fatty acid via an amide linkage. The long-chain bases and fatty acids can contain differing numbers of hydroxyl groups and degrees of unsaturation, and the fatty acid components typically contain 16 to 26 carbon atoms (Lynch and Dunn, 2003) . The ceramide is substituted at its terminal hydroxyl group with polar residues, including carbohydrate, phosphoinositol, and phosphocholine moieties, to form complex sphingolipids. The major complex sphingolipids identified to date in plants are monoglucosylceramides, also called glucocerebrosides, which contain a glucose head group, and the more polar inositol phosphate-based sphingolipids, which are collectively referred to as inositolphosphoceramides (Carter et al., 1961; Kaul and Lester, 1978) .
Despite the important roles that sphingolipids play in membranes and in intracellular processes such as signal transduction and programmed cell death, little is known about the regulation of their biosynthesis in plants. In yeast and mammalian cells, regulation of sphingolipid synthesis is believed to occur largely at the initial step of the pathway. This reaction involves the condensation of palmitoyl-CoA and Ser to form 3-ketosphinganine, the precursor of long-chain bases, and is catalyzed by serine palmitoyltransferase (SPT) (Hanada, 2003) (Figure 1 ). The activity of this enzyme requires the cofactor pyridoxal 59-phosphate, which is bound through a Schiff's base to an active site Lys. Regulation of SPT in mammals has been shown to occur at both the transcriptional and posttranscriptional levels (Hanada, 2003) . Sphingolipids occur primarily in eukaryotes, but they are also found in several bacterial genera, most notably Sphingomonas species, in which they function as cell wall components (Ikushiro et al., 2001) . The bacterial and eukaryotic SPTs display distinct differences in their intracellular localization and structure. SPT of Sphingomonas species is a soluble homodimer (Ikushiro et al., 2001) . By contrast, all known eukaryotic SPTs are membraneassociated heterodimers that are composed of subunits encoded by the LCB1 and LCB2 genes (Hanada, 2003) (Figure 1 ). The LCB1 and LCB2 subunits from Saccharomyces cerevisiae and mammals have been studied most extensively. The LCB2 subunit from these organisms contains the active site Lys that binds the pyridoxal phosphate cofactor. This residue is absent from the LCB1 subunit. Although LCB1 lacks a catalytic Lys residue, data from modeling and mutational studies indicate that the active site of SPT lies at the interface of the heterodimeric enzyme and that residues from both subunits are involved in catalysis . In addition, LCB1 stabilizes LCB2, as the lack of LCB1 in S. cerevisiae (Gable et al., 2000) and in Chinese hamster ovary (CHO) cells (Yasuda et al., 2003) results in large reductions in the amount of LCB2 protein. Furthermore, loss-of-function mutations in either the LCB1 or the LCB2 genes of yeast (Buede et al., 1991; Nagiec et al., 1994; Zhao et al., 1994) , mammalian cells (Hanada et al., 1992) , and Drosophila (Adachi-Yamada et al., 1999) are lethal. Because SPT is the initial enzyme in the sphingolipid biosynthetic pathway, these results demonstrate that sphingolipids are essential for the viability of yeast, mammalian, and insect cells.
Although it can be presumed that the plant SPT is also a heterodimer of LCB1 and LCB2 subunits, this structural composition has not been demonstrated previously. A cDNA for an Arabidopsis LCB2-related polypeptide has been identified and characterized (Tamura et al., 2001) . Like other eukaryotic LCB2 polypeptides, the predicted Arabidopsis LCB2 (At5g23670, designated here as At LCB2) contains a pyridoxal phosphate binding motif, which includes the conserved Lys residue. Expression of At LCB2 in an S. cerevisiae lcb2D disruption mutant, however, did not result in sufficient SPT activity to complement the longchain base auxotrophy of these cells (Tamura et al., 2001 ). This observation suggests that, like its counterparts from yeast and mammals, the Arabidopsis SPT is a heteromeric enzyme.
Arabidopsis contains a gene (At4g36480) that encodes a polypeptide with 31% identity to the S. cerevisiae LCB1. In this report, we demonstrate that this gene encodes a functional LCB1 subunit of SPT (designated At LCB1). As shown here, coexpression of the gene for At LCB1 with the gene for At LCB2 yields an active SPT that is able to rescue S. cerevisiae lcb1D and lcb2D single and double knockout mutants. We also show that sphingolipids are essential in Arabidopsis and that nonlethal reduction of At LCB1 expression results in profound alterations in the growth and development of Arabidopsis and in the long-chain base composition of complex sphingolipids.
RESULTS

Arabidopsis Contains a Homolog of the Yeast and Mammalian LCB1 Subunit of SPT
SPT from all eukaryotes examined to date is an LCB1/LCB2 heterodimer (Hanada, 2003) (Figure 1 ). An LCB2 subunit (At LCB2) of the Arabidopsis SPT has been characterized previously (Tamura et al., 2001 ), but the LCB1 subunit has yet to be functionally identified. Homology searches of the Arabidopsis genome revealed a gene (At4g36840, At LCB1) encoding a polypeptide of the a-oxoamine synthase subfamily of pyridoxal phosphate-dependent enzymes with 31% identity to the S. cerevisiae and 41% identity to the Homo sapiens LCB1 polypeptides. At LCB1 is more distantly related to LCB2s (<25% identity), including At LCB2, as well as to other a-oxoamine synthases, such as the soluble bacterial SPT and 8-amino-7-oxononanonate synthase (AONS). At LCB1 is a single-copy gene in Arabidopsis, but at least two copies of LCB1-like genes occur in the rice (Oryza sativa) genome, with map positions on chromosomes 2 and 10 ( Figure 2A ). Similar to the distinctive feature of all previously characterized LCB1 polypeptides , At LCB1 lacks an active site Lys, which is typically found in a-oxoamine The first step in the synthesis of sphingolipid long-chain bases is the condensation of Ser and palmitoyl-CoA, which is catalyzed by SPT. Eukaryotic forms of SPT are composed of subunits designated LCB1 and LCB2. The 3-ketosphinganine product of SPT is reduced by 3-ketosphinganine reductase to form dihydrosphingosine (d18:0), the simplest long-chain base. Other long-chain bases are formed by further hydroxylation and desaturation of dihydrosphingosine.
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The Plant Cell synthase-related enzymes for covalent binding of the pyridoxal phosphate cofactor ( Figure 2B ). Figure 3A ). Consistent with its smaller size, the 482-amino acid At LCB1 protein displayed a greater electrophoretic mobility than the 558-amino acid yeast LCB1. Yeast cells lacking LCB1 and/or LCB2 require exogenous long-chain base (e.g., phytosphingosine) for growth. Although the At LCB1 protein was stably expressed, it did not eliminate the phytosphingosine dependence of the yeast lcb1D mutant ( Figure  3B ), indicating that it did not restore SPT activity. Because the yeast and mammalian SPT enzymes are heterodimers of the LCB1 and LCB2 subunits Hanada and Nishijima, 2003) , we investigated whether coexpression of the previously characterized At LCB2 (At5g23670) protein with At LCB1 would restore SPT activity to the yeast mutants.
The At LCB2 open reading frame was fused to the GAL10 promoter in a pESC-derived plasmid that also contained the At LCB1 cDNA under the control of the GAL1 promoter, and expression of At LCB2 from this plasmid in yeast cells was confirmed by protein gel blot analysis with anti-At LCB2 antibodies ( Figure 3A ). Indeed, coexpression of At LCB1 and At LCB2 complemented the lcb1D, lcb2D, and lcb1D lcb2D mutant S. cerevisiae cells, allowing them to grow without exogenous phytosphingosine ( Figure 3B ). The yeast TSC3 gene encodes an 80-amino acid polypeptide that has been shown to stimulate SPT activity severalfold, and disruption of this gene results in a 10-fold decrease in SPT activity in yeast (Gable et al., 2000) . In this study, deletion of the TSC3 gene did not affect the ability of the coexpressed At LCB1/ At LCB2 to rescue the long-chain base auxotrophy of the yeast lcb1D mutant ( Figure 3B ), and SPT activity in microsomes from this cell line also was not reduced by the lack of TSC3 (data not shown). These findings suggest that the SPT activity in yeast resulting from expression of the At LCB1 and At LCB2 subunits is not dependent on the TSC3 polypeptide.
Measurement of SPT activity in isolated microsomes from the lcb1D mutant indicated that neither At LCB1 nor At LCB2 alone has significant activity ( Figure 3C ), consistent with studies from yeast and mammalian cells showing that both subunits are required for SPT activity (Hanada, 2003) . These data further indicate that the At LCB1 is not able to interact with the yeast LCB2 to form an active SPT enzyme. However, the yeast LCB2 protein was detected at low levels in lcb1D cells that expressed At LCB1 alone or together with At LCB2, but it was absent in vector control cells ( Figure 3A ). In addition, amounts of the yeast LCB2 protein were higher in cells coexpressing At LCB1 and At LCB2, which correlated with the higher levels of At LCB1 in these cells than in cells expressing only At LCB1 ( Figure 3A ). These observations suggest that At LCB1 interacts physically with the yeast LCB2 to stabilize this protein, but this interaction does yield detectable SPT activity ( Figure 3C ).
At LCB1 Is Expressed Ubiquitously in Arabidopsis
Expression patterns of At LCB1 in Arabidopsis were assessed by RT-PCR and by analysis of promoter-b-glucuronidase (GUS) fusions. (A) Phylogenetic analysis of At LCB1 relative to LCB1, LCB2, and other closely related members of the a-oxoamine synthase subfamily of pyridoxal 59-phosphate-dependent enzymes. Bootstrap values shown at nodes were obtained from 5000 trials, and branch lengths correspond to the divergence of sequences, as indicated by the relative scale. AONS, At LCB1 mRNA was detected by RT-PCR in all Arabidopsis organs sampled, including young leaves, mature leaves, stems, roots, flowers, and siliques ( Figure 4A ). For studies with the At LCB1 promoter, an ;2-kb sequence preceding the At LCB1 start codon was linked with GUS and introduced into wild-type Arabidopsis ecotype Columbia (Col-0) plants. Consistent with the RT-PCR results, GUS activity was detected throughout the seedling and appeared to be most active in tips of the main and lateral roots ( Figure 4B ). GUS activity was also observed in guard cells of cotyledons ( Figure 4C ), mature anthers ( Figure 4D ), and siliques with seeds at different stages of development ( Figure  4E ). GUS staining of siliques was localized mainly to the central replum and the funiculus ( Figure 4F ). Collectively, these results indicate that At LCB1 is expressed ubiquitously in Arabidopsis, consistent with the data from the microarray database (Schmid et al., 2005 ) (see Supplemental Figure 1 online). Expression data were also retrieved from the publicly available microarray database GENEVESTIGATOR (www.genevestigator.ethz.ch/at/; Zimmermann et al., 2004) . The largest changes in expression of At LCB1 as observed from a digital RNA gel blot containing 76 different treatments were an approximately twofold increase in response to silver nitrate and a twofold decrease in response to 2,4-D. Consistent with our results for At LCB1, At LCB2 (At5g23670) was shown by Tamura et al. (2001) to be expressed in all organs of Arabidopsis that were examined, including leaves, stems, roots, flowers, and mature seeds. Microarray data for At LCB2 also indicate that this gene, like At LCB1, is expressed ubiquitously in Arabidopsis (Zimmermann et al., 2004) .
To examine the subcellular localization of At LCB1, binary vectors containing cauliflower mosaic virus 35S-mediated expression cassettes for a fusion protein of At LCB1-enhanced yellow fluorescent protein (EYFP) and a cyan fluorescent protein (A) The At LCB1 and At LCB2 genes were expressed in wild-type or lcb1D, lcb2D, and lcb1D lcb2D mutant S. cerevisiae cells. Shown are immunoblots of microsomes isolated from yeast cells. The yeast LCB1 (Sc LCB1) and At LCB1 proteins were detected using a polyclonal antibody against the yeast LCB1. The yeast LCB2 (Sc LCB2) and At LCB2 polypeptides were detected using polyclonal antibodies prepared against peptides from the corresponding proteins. (B) Growth of wild-type yeast or lcb1D, lcb2D, lcb1D lcb2D, and lcb1D tsc3D mutants expressing the At LCB1 and At LCB2 genes individually or together on galactose-containing medium without added phytosphingosine. pESC corresponds to cells harboring the empty expression vector. (C) SPT activity in microsomes from yeast lcb1D cells expressing At LCB1 and At LCB2 individually or together (n ¼ 3; average 6 SD). For comparison, SPT activity in microsomes from wild type yeast was 100 6 10 pmolÁmin ÿ1 Ámg ÿ1 protein.
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The Plant Cell (CFP)-tagged endoplasmic reticulum (ER) marker were coinfiltrated via Agrobacterium tumefaciens into tobacco (Nicotiana benthamiana) leaves. The CFP-tagged ER marker consisted of the signal peptide of basic chitinase and the HDEL ER-retention signal. Analysis of leaves from these plants by confocal microscopy revealed the colocalization of At LCB1-EYFP and the CFP signal from the ER marker ( Figures 4G to 4J ), indicating that At LCB1 is an ER-localized polypeptide. Similarly, GFP-tagged At LCB2 was shown previously to be ER-localized when stably expressed in tobacco BY-2 cells (Tamura et al., 2001 ).
T-DNA Disruption of At LCB1 Results in Embryo Lethality
As an initial step toward the characterization of At LCB1 function in planta, T-DNA disruption mutants of At LCB1 were examined.
Several potential SALK T-DNA lines (SALK_097813, SALK_ 097815, SALK_077745, and SALK_052712) for At LCB1 are available (Alonso et al., 2003) . In a preliminary PCR screen of these lines, a T-DNA insertion in At LCB1 could only be confirmed in SALK_077745. The T-DNA insertion in this line was determined to be in the second intron of At LCB1, 214 bp downstream of the start codon ( Figures 5A and 5B ). This T-DNA disruption allele was designated At lcb1-1. The kanamycin resistance in SALK_ 077745 was found to be silenced, which precluded the use of antibiotic selection for the characterization of T-DNA insertion complexity in this line. However, by use of DNA gel blot analysis, only one T-DNA insertion was identified in SALK_077745 (see Supplemental determined to be wild type and 138 were determined to be heterozygous for At lcb1-1, which corresponded to a ratio of ;1:2. Plants homozygous for At lcb1-1 were not found. Notably, the heterozygous At lcb1-1 plants were indistinguishable from wild-type plants under the growth conditions used in these studies. However, analysis of siliques from the heterozygous At lcb1-1 lines revealed a substantial increase in the number of aborted seeds relative to siliques from the wild-type plants ( Figure 5C ).
Seed abortion in plants heterozygous for At lcb1-1 was examined further in siliques collected from 7 to 10 d after flowering. At this stage, seeds with a white translucent appearance that lacked a developing embryo were observed at an increased frequency in siliques from heterozygous At lcb1-1 plants relative to those from wild-type plants. By contrast, seeds with a properly developing embryo were green and round. At later stages of development, these aberrant seeds were brown and shrunken ( Figure 5C ). To quantify this phenotype, >500 seeds from 10 (A) Scheme of At LCB1. The predicted At LCB1 open reading frame contains 13 exons (black boxes) and 12 introns (black lines). The At LCB1 promoter (LCB1 pro) and neighboring gene (At4g36490) are also shown. The T-DNA insert in SALK_077745 (indicated by the inverted triangle) is located in intron 2 and has the same orientation to the At LCB1 gene. The primers shown were used to determine the location of the T-DNA insertion, to amplify the genomic sequence for complementation experiments, and to verify the complementation of the SALK_077745 mutant. (B) PCR genotyping of SALK_077745 T-DNA lines. PCR was conducted with genomic DNA from a population of SALK_077745 T4 plants using a pair of At LCB1-specific primers (P1 and P2) or by the combination of T-DNA left border-specific primers (LBa1) and a corresponding At LCB1-specific primer (P2). In wild-type plants, only the wild-type allele (indicated by an ;900-bp band; white arrowhead) was amplified, and no T-DNA allele was detected. However, in the heterozygous At LCB1-1 (het) plants, both the wild-type allele (;900 bp) and the T-DNA disruption allele (indicated by an ;600-bp band; black arrowhead) were amplified. The average number of aborted seeds and ovules from 10 siliques collected from five plants and the SD are presented (n ¼ 5; >500 total seeds were examined). Ovule abortion was assessed as described previously (Meinke, 1994) .
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The Plant Cell siliques were examined. Approximately 25% of seeds from the heterozygous At lcb1-1 plants and 1% of seeds from wild-type plants were aborted ( Figure 5D ). Collectively, (1) the inability to obtain homozygous At lcb1-1 plants, (2) the observed 1:2 segregation of wild-type and heterozygous progeny from selfed At LCB1/At lcb1 plants, and (3) the high frequency of aborted seeds in siliques from heterozygous At lcb1-1 plants indicated that disruption of At LCB1 is lethal. No significant reduction in pollen viability (data not shown) and little or no increase in ovule abortion was observed in the heterozygous At lcb1-1 plants ( Figure 5D ). Consistent with this finding, reciprocal crosses revealed that transmission of the mutant allele through male and female gametophytes was unaffected (data not shown).
To conclusively demonstrate that seed abortion is caused by the disruption of At LCB1, experiments were conducted to determine whether this phenotype could be rescued by the expression of a wild-type At LCB1 transgene. For these complementation studies, an ;5-kb genomic copy of At LCB1 (containing its native promoter) was transformed along with a glufosinate resistance marker into heterozygous At lcb1-1 plants. PCR-based screening using primers P5 and P6 ( Figure 5A ) was conducted on 30 of the resulting T1 glufosinate-resistant transformants. Seven of these 30 transformants lacked a chromosomal copy of the wild-type At LCB1 allele and therefore were homozygous for the At lcb1-1 mutation. Seed abortion frequency was also examined in two heterozygous At lcb1-1 mutant plants that carried genomic At LCB1 transgenes. Of >500 seeds analyzed from both plants, the seed abortion frequency was 5.2% in one plant and 6.9% in the second plant. These numbers are consistent with the 6.25% seed abortion rate that would be expected for a single-copy At LCB1 transgene in a heterozygous At lcb1-1 T-DNA mutant background. These data conclusively demonstrate that the seed abortion phenotype observed in the At lcb1-1 T-DNA mutant results from the disruption of the At LCB1 gene and can be rescued by expression of a wild-type copy of this gene.
To more clearly define the nature and timing of seed abortion in At lcb1-1 mutants, differential interference contrast microscopy was conducted on developing seeds from wild-type and heterozygous At lcb1-1 plants upon clearing of dissected seeds with Hoyer's reagent (Meinke, 1994) . This method allowed us to more easily distinguish early events that lead to seed abortion that could not be detected by empirical analyses of dissected seeds. At very early stages of seed development, homozygous At lcb1-1 seeds were visually indistinguishable from other seeds in the same siliques, but at later stages of development, approximately one-fourth of the seeds from heterozygous At lcb1-1 plants were brown and shrunken ( Figure 5C ). Based on the segregation and complementation studies described above, these seeds corresponded to the homozygous At lcb1-1 state. (The inability to cleanly dissect embryos from these seeds precluded the use of PCR to directly confirm their genotype.) Using differential interference contrast microscopy, the growth of embryos from homozygous At lcb1-1 seeds was observed to arrest at early stages of development. In this regard, embryo development of homozygous At lcb1-1 seeds was apparently disrupted before the globular stage. Approximately three-fourths of the seeds obtained at 2 d after flowering from siliques of heterozygous At lcb1-1 plants contained a normal globular embryo with an extended suspensor ( Figure 6A ). However, approximately onefourth of these seeds contained embryos with an aberrant appearance ( Figures 6B to 6D ). These embryos did not arrest at a single developmental point, as indicated by the presence of embryos with one ( Figure 6B ), two ( Figure 6C ), or multiple ( Figure  6D ) cells. Regardless of the cell numbers, these embryos contained abnormal cell patterns, and the suspensors were severely reduced in length ( Figure 6D ) relative to embryos with a normal appearance ( Figure 6A ). Although the normal embryos continued to develop to the torpedo stage ( Figure 6E ), embryos from homozygous At lcb1-1 seeds did not reach the full globular stage, and in some cases degeneration of the embryo was observed ( Figure 6F ). expression. An example of mRNA expression levels detected in three plants from each group is shown in Figure 7B . The differences in growth and At LCB1 expression between the two groups of plants were maintained in the T2 generation. Real-time PCR was conducted to quantify the reduction in At LCB1 expression in plants with altered growth and morphology. In plants from three independent lines, mRNA levels of At LCB1 were 20 to 40% of those from wild-type plants of similar age ( Figure 7C ). Similar phenotypes, including reduction in the size of plants and curled leaf morphology, were also observed with At LCB1 RNAi lines produced by use of a pHannibal-based construct generated from the same portion of the At LCB1 open reading frame. In addition, crosses of the T1 At LCB1 RNAi plants with wild-type Col-0 yielded plants with reduced size and altered leaf morphology in approximately half of the offspring (data not shown), indicating that these phenotypes are dominantly conferred by the At LCB1 RNAi transgene. This was confirmed by an 
RNA Interference Suppression of At
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The Plant Cell ;3:1 segregation of small plants to normal-size plants among the T2 seedlings that were obtained from selfed T1 At LCB1 RNAi plants (data not shown). The lack of a suitable antibody for the detection of At LCB1 in plant extracts (see Methods) precluded measurement of the levels of this polypeptide in RNAi and wild-type lines. As an alternative approach, SPT activity was determined in microsomal extracts from leaves of wild-type plants and three independent At LCB1 RNAi lines, two pHellsgate8-based RNAi lines, and a pHannibal-based RNAi line. SPT activities from the wildtype plants and the two pHellsgate8-based RNAi lines are shown in Figure 7D , and SPT activity from the pHannibal-based RNAi line was 0.37 6 0.21 pmolÁmin ÿ1 Ámg ÿ1 protein. SPT activity in leaf microsomes from RNAi lines was reduced by 4-to 10-fold relative to that detected in leaf microsomes from wild-type plants.
The LCB1i-4 RNAi suppression line was chosen for detailed phenotypic analyses, as described below. However, it should be noted that similar alterations in plant morphology and sphingolipid composition as those reported below were observed in multiple, independent transformation events and in lines obtained from the pHannibal-based RNAi construct.
Sphingolipid Composition, but Not Content, Is Altered by RNAi Suppression of At LCB1
Given that At LCB1 is a subunit of SPT, which catalyzes the first step in sphingolipid biosynthesis, we hypothesized that partial suppression of At LCB1 expression by RNAi would result in reduced sphingolipid content in plants. To test this hypothesis, the total long-chain base composition was measured in lyophilized leaves from 4-week-old wild-type and RNAi-suppression LCB1i-4 plants. Long-chain bases are components of all sphingolipids and are unique to this lipid class. Therefore, measurement of total long-chain base content in leaves directly reflects the total sphingolipid content of these organs. Surprisingly, no significant difference was detected in the long-chain base content of leaves from wild-type (1.82 6 0.38 nmol/mg dry weight) and LCB1i-4 (1.88 6 0.39 nmol/mg dry weight) plants on a weight basis ( Figure 8A) .
Measurement of the sphingolipid long-chain base composition, however, revealed large increases in the relative amounts of saturated trihydroxy and dihydroxy long-chain bases in leaves from LCB1i-4 plants compared with those from wild-type plants. Most notably, relative amounts of phytosphingosine (t18:0) increased from ;6 to 8% in leaves of wild-type plants to 20 to 30% in leaves of LCB1i-4 plants (Table 1) . A similar level of increase was also detected in relative amounts of dihydrosphingosine (d18:0) between leaves of wild-type and LCB1i-4 plants (Table 1) .
To determine whether increases in saturated long-chain bases occur broadly in sphingolipid classes in LCB1i-4 plants, sphingolipids were fractionated into charged and neutral fractions based on their affinity for a weak anion-exchange resin (Markham et al., 2006) . As described recently, the charged fraction is composed primarily of glycosylated inositolphosphoceramides, and the neutral fraction is composed principally of monoglucosylceramides, which were further purified for these studies, and lesser amounts of free ceramides (Markham et al., 2006) . Interestingly, increases in relative amounts of saturated long-chain bases in leaves of LCB1i-4 were observed primarily in the charged sphingolipid fraction as well as in the tissue residue that contained nonextracted sphingolipids ( Figures 8C and 8D) . By contrast, only very small amounts of the saturated long-chain bases phytosphingosine and dihydrosphingosine were detected in monoglucosylceramides from leaves of either the wild type or the RNAi suppression line ( Figure 8E ).
Cell Expansion Is Affected in Plants with Partial Suppression of At LCB1 Expression As described above, the most notable phenotypic differences between wild-type and At LCB1 RNAi suppression plants in the T1 generation were the overall size of the plants and the leaf shape ( Figure 7A ). These phenotypes were maintained in T2 RNAi plants, and a detailed comparison with wild-type plants was conducted. As shown in Figures 9A and 9B , 4-week-old T2 plants from the RNAi suppression line LCB1i-4 were approximately one-third the size of wild-type plants of the same age. This size difference was accentuated when plants were maintained under a short-day regime (data not shown), and the smaller size of LCB1i-4 plants was observed throughout their development. LCB1i-4 plants were also found to have smaller leaves and shorter petioles than wild-type plants ( Figures 9C and  9D) . Interestingly, the leaf blades were curled, and the leaf tip was twisted slightly to form a flag-like projection at the ends of leaves ( Figure 9D, arrow) . In addition, necrotic lesions were often observed on mature rosette leaves of LCB1i-4 plants, which initially appeared on the adaxial (upper) surfaces ( Figure 9E ). Because both the leaf blade and petiole of LCB1i-4 plants were smaller than those of wild-type plants ( Figures 9C and 9D) , we hypothesized that reduced sphingolipid synthesis resulting from partial suppression of At LCB1 expression limits the ability of cells to expand, as has been shown for Arabidopsis cer10 mutants (Zheng et al., 2005) . To address this possibility, mesophyll cells from the petiole and pavement cells from the abaxial leaf surface of wild-type and LCB1i-4 plants were examined by microscopy. Mesophyll cells in the LCB1i-4 petioles were approximately onethird the length of equivalent cells in wild-type plants of the same age ( Figure 9F ), which was proportional to the reduction in the overall size of these plants. Pavement cells in LCB1i-4 plants were also markedly smaller than those in wild-type plants (Figures 9G and 9H) . We also observed that trichomes of the LCB1i-4 plants were shorter, but their morphology was not altered (data not shown). Overall, these observations indicate that the smaller size of the LCB1 RNAi plants is attributable primarily to reduced cell expansion.
DISCUSSION
SPT catalyzes the first step in the synthesis of long-chain bases, the signature components of all sphingolipids (Sperling and Heinz, 2003) . In this report, we have demonstrated that At LCB1 (At4g36480) encodes a genuine LCB1 subunit of SPT, and we have shown that plant SPT functions as a heteromeric enzyme that requires both LCB1 and LCB2 for activity. This subunit composition is similar to what has been reported for yeast (Gable LCB1 and Sphingolipid Biosynthesis 9 of 18 et al., 2000) and mammalian cells (Hanada et al., 2000) , but it is different from the homodimeric form of SPT described in Sphingomonas species (Ikushiro et al., 2001 ). In addition, we have shown that T-DNA disruption of At LCB1 results in embryo lethality. Because SPT mediates the initial reaction in sphingolipid biosynthesis, this result indicates that sphingolipids are required for the viability of Arabidopsis, which to our knowledge is the first direct demonstration that sphingolipids are essential components of plant cells. Furthermore, we show that partial suppression of At LCB1 expression by RNAi is accompanied by altered leaf morphology and a dwarfing phenotype that results primarily from reduced cell expansion. These plants displayed little change in the total sphingolipid long-chain base content when measured on a weight basis, which suggests that plants adjust their growth to compensate for the reduced availability of sphingolipids. Functional identification of the At LCB1 polypeptide is problematic because this polypeptide is not catalytic on its own as a result of the absence of an active site Lys that is required for the binding of pyridoxal phosphate, an essential cofactor for SPTs and other a-oxoamine synthases ( Figure 2B ). The lack of an active site Lys in At LCB1 is a property that is shared with other eukaryotic LCB1 polypeptides (Hanada, 2003) . In these SPTs, the catalytic pyridoxal phosphate binding domain instead resides in the LCB2 subunit. Although LCB1 is required for SPT activity, its specific function in SPT catalysis is not well defined. LCB1 is required for the stabilization of LCB2, and immunoprecipitation experiments have demonstrated that the structure of the yeast enzyme is an LCB1/LCB2 heterodimer (Gable et al., 2000) . Similarly, immunoprecipitation of LCB1 from CHO cell extracts coprecipitates LCB2 in equimolar amounts (Hanada et al., 2000) . Furthermore, the crystal structure of AONS (Alexeev et al., 1998) , an a-oxoamine synthase enzyme that is nearly as related to LCB1 as LCB1 and LCB2 are to each other (Figure 2A ), provides important insights. In particular, AONS is a head-to-tail homodimer that has two symmetrical active sites formed at the interface between the subunits, with residues from each subunit participating in pyridoxal phosphate binding (Alexeev et al., 1998) . Mutational and structural studies of yet another a-oxoamine synthase, aminolevulinate synthase, also indicate that the enzyme is a head-to-tail homodimer with two symmetrical active sites lying at the interface of the subunits and with both subunits having residues that participate in catalysis (Gong et al., 1996; Astner et al., 2005) . By analogy and based on modeling and mutational studies, SPT has been proposed to be a head-to-tail heterodimer of LCB1 and LCB2 with a single active site at the interface made up of residues from both LCB2 (including the active site Lys) and LCB1 . In this study, the functional identity of At LCB1 was established through complementation assays using S. cerevisiae sphingolipid long-chain base auxotrophs that carry disruptions in the LCB1 and/or LCB2 genes. Yeast complementation has previously been of limited value for the characterization of LCB1 or LCB2 subunits from other organisms. For example, expression of the mouse LCB2 (Nagiec et al., 1996) or the previously described At LCB2 in LCB2 mutants of S. cerevisiae (Tamura et al., 2001) did not result in the complementation of the longchain base auxotrophy. One interpretation of these results was that proteins encoded by the heterologous LCB2s were unable to productively interact with the S. cerevisiae LCB1 to generate sufficient SPT activity for complementation. In this study, we were only able to complement S. cerevisiae SPT mutants by the expression of At LCB1 together with At LCB2. Not only did this result conclusively establish that At LCB1 is a component of the Arabidopsis SPT, but it also showed that SPT in Arabidopsis and likely all plants is a heteromeric enzyme. Of note, complementation of S. cerevisiae SPT mutants by coexpression of heterologous LCB1 and LCB2 polypeptides from any source has not been described previously. The ability to functionally express At LCB1 and At LCB2 in a background devoid of any SPT activity should provide a useful model system for more detailed characterization of the biochemical and membrane topological properties of the Arabidopsis SPT.
The SPT activity from coexpression of the Arabidopsis polypeptides was ;10-fold lower than the SPT activity from microsomes of wild-type S. cerevisiae. In this regard, it is notable that the 80-amino acid Tsc3 protein has been shown to stimulate SPT activity in S. cerevisiae (Gable et al., 2000) . An analogous protein has yet to be identified in any other organism. It is possible that a Tsc3-like polypeptide from Arabidopsis is necessary to achieve optimal SPT activity from At LCB1/At LCB2 coexpression in S. cerevisiae.
Sphingolipids Are Essential for the Viability of Arabidopsis
Because SPT catalyzes the committed step of sphingolipid biosynthesis, our inability to recover homozygous T-DNA disruption mutants for At LCB1 indicates that sphingolipids are essential for the viability of Arabidopsis. This conclusion is also supported by results from parallel studies of At LCB2 T-DNA mutants (C.R. Dietrich and E.B. Cahoon, unpublished results). Although this is not an unexpected finding, no direct evidence has been reported previously to show that sphingolipids are required by plants. The isolation of mutants for SPT subunit genes previously established that sphingolipids are essential in yeast (Buede et al., 1991) , CHO cells (Hanada et al., 1992) , mouse (Hojjati et al., 2005) , and Drosophila (Adachi-Yamada et al., 1999) and are required for the differentiation of the protozoan Leishmania major (Zhang et al., 2003) . Several chemical inhibitors of SPT do exist, including cycloserine, myriocin, and sphingofungin B (Dickson, 1998) . Cycloserine, for example, has been shown to strongly inhibit SPT activity in squash fruit (Cucurbita pepo) microsomes (Lynch and Fairfield, 1993) , and myriocin was used to inhibit de novo sphingolipid synthesis in labeling studies conducted with tomato (Solanum lycopersicum) leaves (Spassieva et al., 2002) . However, the use of these inhibitors to show that sphingolipids are essential in plants has not been described previously. In addition, it is well known that inhibitors of ceramide synthesis (e.g., fumonisins and AAL toxin) induce programmed cell death in plants, but this effect is believed to result primarily from the buildup of cytotoxic long-chain bases or long-chain base derivatives (Wang et al., 1996; Asai et al., 2000; Spassieva et al., 2002; Gechev et al., 2004) . The lethality associated with At LCB1 T-DNA disruption was observed primarily during embryo development. Approximately 25% of the embryos in seeds from heterozygous At lcb1-1 plants were observed to arrest at the globular stage of development, which was followed in some seeds by apparent disintegration of the embryo. By contrast, At LCB1 disruption had little or no effect on pollen or ovule viability. In addition, reciprocal cross results between heterozygous At lcb1-1 and the wild type (Col-0) demonstrated normal transmission of the mutant allele through both male and female gametophytes (data not shown). The apparent absence of gametophytic lethality from At LCB1 T-DNA disruption was surprising given the likely requirement for sphingolipids in pollen and ovules. Lack of gametophytic lethality, however, is often observed in T-DNA mutants for essential genes (Bonhomme et al., 1998) . One possible explanation for the absence of gametophytic lethality in the At LCB1 T-DNA disruption mutant is that sphingolipids, At LCB1 protein, or At LCB1 mRNA is transmitted from the sporophytic maternal cells at levels sufficient to support the viability of gametes. We also cannot rule out the possibility that a low level of wild-type At LCB1 expression occurs from the T-DNA disruption locus, given that the T-DNA insertion resides within an intron. Because sphingolipids are major structural components of plasma membrane and tonoplast (Yoshida and Uemura, 1986; Lynch and Steponkus, 1987; Sperling et al., 2005) , it is likely that embryo lethality from At LCB1 T-DNA disruption results largely from losses in membrane integrity. Sphingolipids are also enriched in detergent-resistant membranes (or lipid rafts) isolated from plasma membrane (Mongrand et al., 2004; Borner et al., 2005) . As such, it is also possible that the loss of sphingolipid biosynthetic ability leads to alterations in the organization and function of plasma membrane-associated proteins, including glycosylphosphatidylinositol-anchored proteins and several proton ATPases that have been identified in lipid raft structures from Arabidopsis (Borner et al., 2005) . Furthermore, the possibility that sphingolipid-derived signaling molecules, including long-chain base phosphates, play an essential role in embryogenesis cannot be excluded (Ng et al., 2001; Coursol et al., 2003 Coursol et al., , 2005 Spiegel and Milstien, 2003; Imai and Nishiura, 2005) .
Downregulation of Sphingolipid Biosynthesis by RNAi Suppression of At LCB1 Results in Altered Growth and Development of Arabidopsis
The use of RNAi allowed us to examine the effects of partial, nonlethal reductions in At LCB1 expression on plant growth and development and on the content and composition of sphingolipids. Plants with obvious growth phenotypes obtained from these experiments displayed a 60 to 80% reduction in At LCB1 expression level. Plants with more complete reductions in At LCB1 expression were not recovered, consistent with our conclusion from the T-DNA mutant study that sphingolipids are 
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The Plant Cell essential for the viability of Arabidopsis. Dwarfing was the most marked phenotype displayed by plants with partially suppressed At LCB1 expression. Although it cannot be ruled out that cell division was affected, the small size of plants appeared to be attributable mostly to reduced cell expansion. This was exemplified by the smaller size of abaxial epidermal pavement cells and by the threefold reduction in the length of mesophyll cells of the petiole in At LCB1 RNAi plants ( Figures 9F to 9H) . Recently, Arabidopsis cer10 mutants, which have decreased levels of verylong-chain fatty acids in waxes, triacylglycerols, and sphingolipids, were shown to have a dwarfing phenotype similar to that of At LCB1 RNAi plants (Zheng et al., 2005) . In addition, cer10 mutants have curled leaves, which are also observed in At LCB1 RNAi plants. It was speculated that these growth and development phenotypes in cer10 mutants are attributable to observed alterations in sphingolipid-associated endocytotic membrane trafficking (Zheng et al., 2005) . It is possible that these alterations may also occur in response to reduced rates of sphingolipid synthesis that result from RNAi suppression of At LCB1. Despite the dwarfing and other phenotypes resulting from RNAi suppression of At LCB1, we were unable to detect a significant change in the sphingolipid long-chain base content on a per weight basis in leaves of these plants relative to those of nontransformed control plants. This result suggests that the reduced growth of these plants may be a compensatory response to limitations in the availability of sphingolipids for membranes. Given that sphingolipids are essential molecules, as shown by the At LCB1 T-DNA mutant studies, such a result may not be unexpected, and similar results have been observed for SPT defects in other organisms. For example, CHO cells with temperature-sensitive mutations in SPT displayed reduced growth when maintained under nonpermissive conditions, but growth was restored when sphingolipid long-chain bases were provided exogenously (Hanada et al., 1992) . Unexpected, however, was the increase in relative levels of saturated long-chain bases (i.e., phytosphingosine [t18:0] and dihydrosphingosine [d18:0]) in leaves of the At LCB1 RNAi plants, which was observed primarily in a fraction enriched in glycosylated inositolphosphoceramides. This finding is likely attributable to alterations in D 8 desaturation of long-chain bases, because this effect was observed with both trihydroxy and dihydroxy long-chain bases. Although a number of possible explanations can be proposed, an intriguing hypothesis is that downregulation of sphingolipid synthesis via the suppression of At LCB1 results in reduced flux of long-chain bases or complex sphingolipid precursors to intracellular sites of D 8 desaturation because of disruptions in sphingolipid-mediated membrane trafficking, as described for the Arabidopsis cer10 mutant (Zheng et al., 2005) .
At LCB1 RNAi Plants and fatb Mutants Share Some Phenotypic Similarities
It is notable that several of the phenotypic alterations in At LCB1 RNAi plants are also observed in fatb mutants (Bonaventure et al., 2003) , although the magnitude of these alterations was more severe in plants with reduced At LCB1 expression. These similarities include the reduced size of plants and an increase in relative amounts of phytosphingosine (Bonaventure et al., 2003) .
fatb mutants produce lower amounts of palmitic acid because of lesions in the gene for the FATB-type acyl-acyl carrier protein thioesterase. The CoA ester of palmitic acid is one of the substrates of SPT (Figure 1) . It was speculated, among several possibilities, that the smaller size of fatb mutant plants results from reduced sphingolipid synthesis because of limiting amounts of palmitic acid (Bonaventure et al., 2003) . The dwarf phenotype displayed by At LCB1 RNAi plants supports this hypothesis. Interestingly, the fatb mutant, like At LCB1 RNAi plants, did not have a detectable reduction in total amounts of sphingolipid longchain bases when quantified on a per weight basis. The Arabidopsis mosaic death1 (mod1) mutant, which carries a mutation in the gene for enoyl-acyl carrier protein reductase and has reduced de novo fatty acid synthesis, also displays a dwarf phenotype (Mou et al., 2000) . It is possible that the smaller size of these plants is attributable primarily to reduced sphingolipid synthesis, as postulated for the fatb mutant, although the defect in mod1 plants likely has a more global impact on metabolism.
The regulation of sphingolipid biosynthesis as well as the functions of these molecules in membrane ontogeny and in growth and development are still largely uncharacterized in plants. The functional identification of At LCB1 and the demonstration that SPT functions as a heteromeric enzyme in Arabidopsis lays the foundation for studies of the flux control that SPT asserts on the sphingolipid biosynthetic pathway in response to altered metabolism and environmental stimuli. In addition, the At LCB1 RNAi plants will likely be useful tools for studies of sphingolipid-associated membrane trafficking in plant cells. Furthermore, as techniques for detailed analyses of sphingolipids in plants evolve, the At LCB1 RNAi plants may help reveal the possible involvement of sphingolipid metabolites, including long-chain base phosphates, in the regulation of plant growth.
METHODS
Plant Material and Growth Conditions
For sterile growth, Arabidopsis thaliana (Col-0) seeds were surfacesterilized and sowed on Murashige and Skoog agar plates (SigmaAldrich) containing 3% sucrose. After 2 d of stratification at 48C, the plates were maintained at 16 h of light/8 h of dark at 120 mmolÁm ÿ2 Ás ÿ1 at 238C. Soil-grown plants were maintained at 228C and 50% humidity under either long-day conditions with a 16-h light (100 mmolÁm ÿ2 Ás ÿ1 )/8-h dark cycle or short-day conditions with an 8-h light (200 mmolÁm ÿ2 Ás ÿ1 )/16-h dark cycle. Unless indicated, plants were grown under a long-day regime.
Plasmid Construction for Plant Transformation
All PCR amplifications were conducted with Pfu-Ultra polymerase (Stratagene), and products were verified by sequencing. An At LCB1 promoter-GUS reporter construct was generated by amplification of an ;2.0-kb sequence upstream of the start codon of At LCB1 (At4g36480) using the sense and antisense oligonucleotides P29 and P30 (see Supplemental  Table 1 online for the sequences of oligonucleotides.) The product was digested with HindIII and XbaI and cloned into the corresponding sites of binary vector pBI121 (Clontech) to generate a transcriptional fusion with the GUS coding region. The resulting plasmid was designated Pro LCB1 :GUS.
For genomic complementation of SALK_077745, an ;5-kb fragment of At LCB1 was amplified from Arabidopsis (Col-0) genomic DNA by a pair of LCB1 and Sphingolipid Biosynthesis 13 of 18 primers, P3 and P4, as shown in Figure 5A . The amplified product was then digested with AscI and PacI and cloned into the binary vector pMDC123 (Curtis and Grossniklaus, 2003) in place of the cloning cassette to produce pMDC123_LCB1g. The ER marker construct, CSP-CFP-HDEL, was made by PCR amplification with oligonucleotides P7 and P8 using the cerulean variant form of CFP (provided by David Piston) as a template. The resulting PCR product, containing the signal peptide of basic chitinase (At3g12500) (Haseloff et al., 1997) and the ER retention signal (HDEL), was subcloned into vector pMDC32 using the AscI and PacI sites (Curtis and Grossniklaus, 2003) . For construction of pMDC32LCB1-EYFP, the EYFP gene was amplified by PCR with primers P9 and P10 using the plant expression vector pCAMBIA (CAMBIA) as a template. The product was introduced in place of the Gateway cassette in the plasmid PMDC32 to generate pMDC32YFP. The At LCB1 cDNA was then amplified using primers P11 and P12, and the product was cloned into the AscI and NcoI sites of pMDC32YFP to generate pMDC32LCB1-YFP.
An At LCB1 RNAi suppression construct was generated using the pHellsgate8 RNAi Gateway vector system (Helliwell and Waterhouse, 2003) . A 319-bp fragment of At LCB1 was amplified using oligonucleotides P13 and P14, and the product was recombined with the donor vector pDOR221 (Invitrogen) to yield pENT_LCBli. This plasmid was then reacted with the destination vector pHellsgate8 in an attL 3 attR recombination reaction according to the manufacturer's protocol (Invitrogen) to generate the final RNAi plasmid, pH8LCB1i. Another At LCB1 RNAi construct was generated with the pHannibal vector (Helliwell and Waterhouse, 2003) . The segment of the At LCB1 open reading frame described above was amplified by PCR with two pairs of oligonucleotides, P15/P16 and P17/P18, and the products of the two reactions were cloned sequentially into the pHannibal vector. The resulting hairpin construct together with the cauliflower mosaic virus 35S promoter and the ocs terminator were released and inserted into the NotI site of binary vector pART27 to generate pHanLCB1i.
Arabidopsis Transformation and Selection
Binary vectors were introduced into Agrobacterium tumefaciens C58 by electroporation. Transgenic plants were generated by floral dip (Clough and Bent, 1998) of Arabidopsis (Col-0) (pH8LCB1i, Pro LCB1 :GUS) or heterozygous SALK_077745 (pMDC123_LCB1g) T-DNA and screened on Murashige and Skoog plates containing either 50 mg/L kanamycin monosulfate (pH8LCB1i, Pro LCB1 :GUS) or 10 mg/L glufosinate ammonium (pMDC123_LCB1g).
Saccharomyces cerevisiae Strains, Media, and Growth Conditions
Saccharomyces cerevisiae cells were grown according to standard procedures (Sherman et al., 1986) . The lcb1DKAN knockout was generated by dissecting the heterozygous lcb1D knockout in the BY4743 background (Open Biosystems) on medium containing 15 mM phytosphingosine. The lcb2D knockout was generated by transforming a LEU2 þ disrupting fragment (Zhao et al., 1994) into a wild-type haploid strain (DHY4a, MAt a, ura3-52, leu2 his3 lys2 met15) derived from the dissection of the BY4743 diploid. The lcb1DKAN lcb2DLEU double mutant was obtained from tetrad dissection of a diploid generated by crossing the lcb1DKAN haploid with the lcb2DLEU haploid. The lcb1DKAN tsc3DNAT strain was constructed by disrupting TSC3 in the lcb1D mutant strain using the tsc3DNAT disrupting allele that was constructed by replacing the coding sequence of TSC3 with a NAT cassette based on the strategy described by Gable et al. (2000) . Briefly, a KpnI/XhoI-ended fragment containing the upstream flanking sequence of TSC3 from 200 bp before the start codon to 30 bp past the start codon and an XhoI/EcoRI-ended fragment containing the downstream flanking sequence from 40 bp before the stop codon to 300 bp past the stop codon were generated by PCR. These fragments were ligated together and inserted between the KpnI and EcoRI sites of pUC19, yielding a plasmid having an XhoI site replacing most of the TSC3 coding sequence. An XhoI-end fragment containing the NAT gene (nourseothricin-resistance marker NATMX) was generated by PCR using primers P19 and P20 and the template, p4339, containing NATMX4 DNA (Goldstein and McCusker, 1999; Tong et al., 2001 ). The XhoI-ended NATR fragment was ligated into the XhoI site, and the tsc3DNAT disrupting allele was liberated by digestion with KpnI and EcoRI. The lcb1D, lcb2D, lcb1D lcb2D , and lcb1D tsc3D mutant strains were grown in YPD or SD medium containing 15 mM phytosphingosine and 0.2% Tergitol Nonidet P-40 (Sigma-Aldrich). To induce the expression of the At LCB genes under the control of the GAL1 or GAL10 promoter of the pESC vector, 2% galactose and 1% raffinose were added to the medium.
S. cerevisiae Expression Constructs
Expression of At LCB1 and At LCB2 was conducted using the yeast expression vector pESC-URA (Stratagene). The open reading frame of an At LCB1 cDNA was amplified using oligonucleotides P21 and P22. The product was digested with BamHI and XhoI and then cloned into the corresponding sites of pESC-URA, downstream of the GAL1 promoter, to generate the plasmid pESC-URALCB1.
Similarly, the open reading frame of a cDNA for At LCB2 (At5g23670) (Tamura et al., 2001 ) was amplified with oligonucleotides P23 and P24, digested with EcoRI and PacI, and then cloned into the corresponding sites of pESC-URA, downstream of the GAL10 promoter, to generate the plasmid pESC-URALCB2. Alternatively, the product was digested with EcoRI and PacI and then cloned into the second multiple cloning site of pESC-URALCB1, downstream of the GAL10 promoter, to generate pESC-URALCB1/LCB2.
Microsome Preparation
For preparation of microsomes from yeast, cells were pelleted and resuspended in MEM buffer (20 mM Tris-HCl, pH 7.5, containing 1 mM EGTA, 1 mM b-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 1 mM leupeptin, 1 mM aprotinin, and 1 mM pepstatin A). The cells were disrupted by bead beating, and cell debris was removed by centrifugation at 8000g for 10 min as described (Gable et al., 2000) . Microsomes were recovered from the supernatant by centrifugation at 100,000g for 30 min. The microsomal pellet was washed once with MEM buffer, resuspended at 1 mL/g wet cell weight (;10 mg/mL protein) in the same buffer containing 33% glycerol, and stored at ÿ808C.
The protocol described by Lynch and Fairfield (1993) was used for isolation of microsomes from Arabidopsis with minor modifications. Approximately 20 g of leaves from 6-week-old Arabidopsis plants grown under short-day conditions was harvested and homogenized in 40 mL of cold homogenizing medium supplemented with a protease inhibitor cocktail (P9599; Sigma-Aldrich).
SPT Assay
SPT was assayed using yeast microsomal protein as described previously except that 0.2 mg of microsomal protein and 0.06 mM palmitoyl-CoA were used. Background incorporation of L-[g-3 H]Ser was measured without the addition of palmitoyl-CoA and subtracted. Each assay was conducted in triplicate, and the average SPT activity was reported. The same protocol was used to assay SPT activity in plant microsomes.
Protein Gel Blotting
Before electrophoresis, proteins were heated at 708C for 10 min in NuPAGE sample buffer (Invitrogen). Proteins were resolved using a 4 to 12% BisTris NuPAGE gel system (Invitrogen) according to the manufacturer's 14 of 18
The Plant Cell instructions and transferred to nitrocellulose. The polyclonal antibodies to yeast LCB1 and LCB2 have been described previously (Gable et al., 2000) . The anti-At LCB2 antibodies were generated from a washed inclusion body from Escherichia coli expression of the C-terminal 166 amino acids of At LCB2. Of note, although anti-yeast LCB1 and anti-At LCB2 antibodies were able to detect At LCB1 and At LCB2, respectively, in yeast microsomes after GAL-mediated expression, they were not suitable for detection of the native At LCB1 and At LCB2 in crude or microsomal extracts from Arabidopsis leaves. The blots were incubated with the primary antibodies (anti-yeast LCB1, 1:2500; anti-yeast LCB2, 1:2000; anti-At LCB2, 1:5000), washed, and then incubated with goat anti-rabbit horseradish peroxidase-conjugated antibody (Bio-Rad). They were developed using chemiluminescence detection reagents (ECL-Plus protein gel blotting detection systems; Amersham Biosciences).
RT-PCR and Quantitative RT-PCR
Total RNA was isolated from selected organs of 6-week-old wild-type (Col-0) Arabidopsis plants using the RNeasy plant kit (Qiagen) according to the manufacturer's protocol. Total RNA (1 mg) was first treated with DNase (Roche), and first-strand cDNA was subsequently synthesized using SuperScript III reverse transcriptase (Invitrogen) and oligo(dT) primer, according to manufacturer's instructions. A 2-mL aliquot of first-strand cDNA was used as template to amplify At LCB1 or the gene for the ubiquitin-conjugating enzyme (At5g25760) in a 20-mL reaction. PCR amplification (33 cycles) was conducted with Taq DNA polymerase (New England Biolabs). The primers used for the amplification of At LCB1-derived cDNA were P25 and P26. The gene for the ubiquitin-conjugating enzyme (UBC; At5g25670) was used as an internal control (Czechowski et al., 2005) . The primers used for the amplification of UBC-derived cDNA were P27 and P28. Quantitative real-time PCR was conducted with total RNA that was isolated from leaves of 4-week-old T2 seedlings of At LCB1 RNAi and wild-type (Col-0) plants as described above. A 100-ng aliquot of each RNA sample after DNase treatment was amplified by PCR using the SuperScript III Platinum two-step qRT-PCR kit with SYBR Green (Invitrogen), according to the manufacturer's protocols. An Opticon 2 continuous fluorescence detector (Bio-Rad) interfaced with a thermocycler was used for the quantification of products. For each sample, PCR was conducted with At LCB1-specific primers (P25 and P26), and a parallel reaction was conducted using primers for the UBC control (P27 and P28). The efficiency of primer pairs was measured by calculating the slope of the log of cDNA dilutions versus DC T (C T,At LCB1 ÿ C T,UBC ), as described by Livak and Schmittgen (2001) , and was demonstrated to be very close, which validated the use of the 2 ÿDDC T method to calculate gene expression levels.
Detection of GUS Activity
Homozygous lines containing the construct Pro LCB1 :GUS were isolated from the T3 generation. Histochemical assays for GUS activity were performed according to the protocol described by Gallagher. (1992) .
Characterization of T-DNA Insertion Mutants
Individual plants from a mixed population of SALK_077745 (T4 seeds; ABRC) were screened by PCR. The T-DNA disruption allele was verified using the oligonucleotides LBa1 (59-TGGTTCACGTAGTGGGCCATCG-39) and P2. The wild-type allele was amplified using P2 in combination with oligonucleotide P1 (Figure 5A ). The insertion site was confirmed by sequencing the PCR product. Because no homozygous SALK_077745 T-DNA line could be verified, plants were propagated as heterozygotes.
Subcellular Localization and Microscopy
For subcellular localization studies of At LCB1, tobacco (Nicotiana benthamiana) leaves were coinfiltrated with Agrobacterium GV3101 harboring the plasmid At LCB1-EYFP or CSP-CFP-HDEL using previously described methods (English et al., 1997) with modifications. In short, Agrobacterium cultures at the log growth stage (OD 600 ¼ 1.0) were collected by centrifugation and resuspended in buffer containing 10 mM MES, pH 5.7, and 10 mM MgCl 2 to OD ¼ 1.0 at 600 nm. Acetosyrigone was then added to the Agrobacterium solution at 100 mM. The resuspended cells were incubated at room temperature for 3 to 4 h before infiltration. The leaves were observed at 36 to 72 h after infiltration. CFP and EYFP fluorescence were observed using a confocal laser scanning microscope (Carl Zeiss LSM 510). The filter sets for CFP were excitation 458 nm and emission 480 to 520 nm, and those for EYFP were excitation 514 nm and emission 535 to 590 nm. Images were processed with an LSM 510 browser and Photoshop 6.0.
For observation of dissected seeds and GUS-stained tissues, a Nikon SMZ1500 dissection microscope attached to a digital camera (Retiga 1300; Qimaging) was used, and images were processed with IPLab software. Embryos, leaf epidermal cells, and seeds were cleared with Hoyer's solution and observed with a Nikon Eclipse E800 microscope equipped with a differential interference contrast apparatus (Nomarski optics) as described by Meinke (1994) , and images were recorded with Openlab software (Improvision). For the measurement of mesophyll cells of petioles, tissues were peeled from the petiole of the fifth rosette leaf of wild-type or At LCB1 RNAi plants and quickly stained with 0.4% (w/v) trypan blue (Sigma-Aldrich). Mesophyll cells were photographed, and the cell length was measured with Openlab software.
Analysis of Sphingolipid Long-Chain Bases
The total content and composition of sphingolipid long-chain bases were determined after strong alkaline hydrolysis of complex sphingolipids using a method based on that described by Morrison and Hay (1970) . Lyophilized leaves (;10 mg) were thoroughly ground in 1 mL of 1,4-dioxane (Sigma-Aldrich) using a Potter-Elvehjem glass homogenizer. D-Erythro-C16-sphingosine (Matreya) was added to the homogenate as an internal standard, and the homogenate was transferred to a screw-cap test tube (13 3 100 mm). One milliliter of freshly prepared 10% (w/v) BaOH 2 Á8H 2 O (Sigma-Aldrich) was then added to each sample. After mixing and evacuation of tubes with N 2 , samples were heated at 1108C for 16 h. The samples were then cooled and extracted with the addition of 3 mL of chloroform and 1 mL of water. Upon mixing and centrifugation at 1000g for 5 min, the organic phase (containing free long-chain bases) was recovered and dried under N 2 . o-Phthaldehyde derivatives of free longchain bases were then prepared as described by Wright et al. (2003) . o-Phthaldehyde derivatives of long-chain bases were analyzed with an Agilent 1100 HPLC apparatus outfitted with a ZORBAX Eclipse XDB-C18 reverse-phase column (4.6 mm 3 250 mm; Agilent). Sample components were resolved with a gradient solvent system consisting of 80% methanol (solvent A) and 20% 5 mM potassium phosphate, pH 7.0 (solvent B) (7-min hold), to 90% solvent A and 10% solvent B over an 8-min linear gradient, and then, after a 10-min hold, to 100% solvent A over a 5-min linear gradient (1-min hold). The flow rate was 1.5 mL/min. o-Phthaldehyde-derivatized long-chain bases were detected by fluorescence with excitation at 340 nm and emission at 455 nm. Long-chain bases were quantified relative to the internal standard. The identities of long-chain bases were established by mobility relative to standards and by liquid chromatography-mass spectrometry structural analysis.
Analysis of the Long-Chain Base Composition of Sphingolipid Classes
Sphingolipids were extracted from 1 g of leaves harvested from wild-type and At LCB1 RNAi suppression plants and partitioned into charged and neutral sphingolipid-enriched fractions using the protocol described by Markham et al. (2006) . Monoglucosylceramides were purified from the LCB1 and Sphingolipid Biosynthesis 15 of 18 neutral sphingolipid-enriched fraction by silica solid-phase extraction followed by thin layer chromatography using procedures described by Cahoon and Lynch (1991) and Bonaventure et al. (2003) . The solvent-extracted plant residue, monoglucosylceramides, and aliquots from the total lipid extract and charged sphingolipid-enriched fractions were analyzed for long-chain base composition as described above.
DNA Gel Blot Analysis
DNA was isolated from Arabidopsis plants using the plant DNAzol reagent (Invitrogen). Approximately 8 mg of genomic DNA was digested with different combinations of restriction enzymes. DNA samples were electrophoresed at 30 V for 15 h and then transferred to Hybond N þ nylon membranes (Amersham Bioscience). A 700-bp fragment of the neomycin phosphotransferase II gene was amplified by primers P31 and P32. The PCR product was then used to prepare a digoxigenin-labeled probe using the PCR DIG Probe Synthesis Kit (Roche). Hybridization and detection were conducted according to the protocol for the DIG High Primer DNA Labeling and Detection Starter Kit II (Roche). In short, hybridization was conducted with DIG Easy Hyb buffer (Roche) at 428C overnight. After posthybridization washing, the blot was incubated sequentially in the blocking reagent and the antibody solution (antidigoxigenin alkaline phosphatase [1:10,000] diluted in blocking solution). After washing, the blot was incubated with the manufacturer-supplied development substrate at 378C for 15 min before exposure to x-ray film for 0.5 to 1 h.
Phylogenetic Analysis
Amino acid sequences were aligned with ClustalW (Thompson et al., 1994) using Gonnet protein weight matrix (gap open penalty ¼ 10, gap extension penalty ¼ 0.2, gap separation distance ¼ 4). Sequence alignments are provided in Supplemental Figure 3 online. Phylogenetic analysis of the aligned full-length sequences was conducted with MEGA 3.1 (Kumar et al., 2004 ) using neighbor joining (Saitou and Nei, 1987) and the p-distance model. Pairwise deletion was used for handling of sequence gaps, and 5000 bootstrap replicates were performed.
Accession Numbers
GenBank accession numbers for the amino acid sequences used in the phylogenetic analyses are as follows: At LCB1, NP_568005; At LCB2, NM_122272; Bc AONS, NP_977013; Ca LCB1, EAK97279; Ca LCB2, EAL03464; Cg LCB1, O54695; Cg LCB2, O54694; Hs LCB1, NP_006406; Hs LCB2, NP_004854; Kl LCB1, XP_451435; Kl LCB2, AAC49535; Mm LCB1, O35704; Mm LCB2, NP_035609; Os LCB1a, NP_920251; Os LCB1b, XP_468301; Os LCB2a, BAD88168; Os LCB2b, NP_914891; Sc LCB1, AAA34739; Sc LCB2, NP_010347; Sp sSPT, BAB56013; St LCB2, CAB44316; Td AONS, NP_972795; and Zm sSPT, YP_163005.
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